Gels are kinds of soft and wet materials, having many unique characteristics such as low friction, material permeability, and biocompatibility. In the last decade, the mechanical weakness of the gels has been overcome by the advent of novel high-strength gels, which promises to expand the industrial and medical applications of the soft and wet materials. Here an optical 3D printer was developed to fabricate high-strength gels with free form. For fabricating the gel materials by the printer, one of the strongest gels, called Double-Network (DN) gel, was used. The DN gels were easily prepared by using the grained particle type of the1st gels. The DN gels prepared by this method were named the particle-DN gels. The particles of the 1st gels were mixed with the 2nd pre-gel solution, and the solution was gelled by the irradiated of UV light. In the printer, the laser beam of UV light was lead to the solution through an optical fiber and the scanning of the fiber in the solution was controlled by 3D-CAD. The printer was named Easy Realizer of Soft and Wet Industrial Materials (SWIM-ER). The mechanical properties of the DN gels printed by the SWIM-ER were evaluated.
Introduction
Gels are soft and wet materials having low friction, good biocompatibility, and material permeability. It is expected that gel materials will be used as new kinds of industrial materials in the engineering and medical applications. For example, artificial blood vessels will be made from the biocompatible gels in substitution for polyesters. However, It is difficult to make free-form gel materials with forked structure or cavity structure of the blood vessels only by using cutter or mold due to the following two specific natures of gels. The one nature is the softness, i.e. deformability of most gels. The gels hardly keep standing if they have slender structure. The other nature is the large volume change of gels by swelling after the synthesis of the gels. In order to overcome these problems, it is necessary to develop the free-form fabrication apparatus for gel materials. In the present study, we tried to develop an optical 3D gel printer to realize the free-form formation of gel materials. We named this apparatus Easy Realizer of Soft and Wet Industrial Materials (SWIM-ER). The SWIM-ER will be applied to print artificial organs, including artificial blood vessels, which will be possibly used for both surgery trainings and actual surgery. For fabricating the gel materials by the SWIM-ER, one of the world strongest gels, called Double-Network (DN) gels (1, 2) , was applied. The usual DN gels were prepared by the two-step preparation, where the 1st hard and brittle network was prepared and the 2nd soft and ductile network was prepared in the 1st network. The 2nd preparation needed somewhat tedious treatment of the 1st brittle network and needed long time to wait for the equilibrium swelling in pre-gel solution of the 2nd network. By using the grained particle type of the 1st gels, the DN gels were easily prepared than the usual DN gels (3) . It was because the particles of the 1st gels were easily treated and swelled quickly in the solution. The DN gels prepared by this method were named the particle DN gels. The particles of the 1st gels were mixed with the 2nd pre-gel solution, and the solution was gelled by the irradiated of UV light. Here we also tried to use the finer powder of the 1st gels to synthesize and characterize the P-DN gels, because it was expected to realize the finer forming of gels by using the finer 1st gel powders. The 1st gel powders were ground to different finer particles with jet mill under different conditions and observed with optical microscope.
Experimental
2-1 Free forming of gels by the SWIM-ER The schematic drawing of the SWIM-ER is shown in Figure1. The UV laser (Kimmon IK5651R-G, 325nm, 20mW, 1.2mm of beam diameter) was focused by the objective lens to put the light of the laser into an optical fiber (Figure 2(a) ). The core of the optical fiber was made from quartz and its core diameter was 200µm．The gels were polymerized by the UV light through the optical fiber. The use of optical fiber made one-point UV irradiation possible ( Figure 2(b) ). While the optical fiber was possibly controlled by computer program, the precise and free forming of the gels in XYZ directions was realized as follows. The process of the forming was divided into two steps. First, the gelation in a plane was performed by scanning the optical fiber in the XY directions. Second, the optical fiber was moved up in the Z direction. The forming of the gels was carried on by repeating the above two-steps process ( Figure 3 ). When the optical shutter was opened, the UV light was irradiated through the optical fiber and the gels were printed. When the shutter was closed, no gels were printed. The scanning speed of the optical fiber was 20mm/s, and the pitch was 100µm. The net irradiation power of the UV light measured at the end of the optical fiber was 3.9mW in maximum. The transmitting efficiency of the laser power was 3.9mW/20mW~20%. This is not sufficient and to be improved in the future study. 
. Photographs of the SWIM-ER
2-2 Particle-Double Network gels We tried the forming of the double network gels (1, 2) by using the SWIM-ER. The double network gels are the one of the highest-strength gels materials, which are fabricated by two interpenetrate polymer networks of gels. The one network is an electrolyte gel, 2-acrylamido-2-methyl-1-propanesulfonic acid (NaAMPS) gel, named the 1st network gel, and the other network is a neutral gel, N,N-dimethylacrylamide (DMAAm) gel, named the 2nd network gel. The NaAMPS have good biocompatibility, which is probably due to their sodium-form of its chemical structure.
The DMAAm is convenient to be used due to its high reactivity in gelation and good ductility. In the present study, the 1st network gels were crushed into small particles after the synthesis of the 1st network gels, and then the particles of the gels were added to the aqueous pre-gel solution of the 2nd network gels. It made the synthesis of the double network gels much easier. The DN gels prepared by this method were named the particle DN (P-DN) gels (3, 4) . The N,N'-methylenbisacrylamide (MBAA) and α-ketoglutaric acid (α-keto) were used as crosslinker and UV initiator, respectively. For the preparation of the 1st gels, the monomer concentration of the NaAMPS in aqueous pre-gel solution was fixed at 1M, and the crosslinker and initiator concentrations were 4mol% and 0.01mol%. For the preparation of the 2nd gels, the monomer concentration in pregel aqueous solution was 2M, and the crosslinker and initiator concentration were 0.1mol% and 1mol%. The 1g of 1st gel powders are added to the 30g of the 2nd gel solution and mixed for the preparation of the P-DN gels. The forming with the SWIM-ER was carried on under an N 2 atmosphere. The tensile test was performed to measure stress-strain relation. The gels were punched out in the shape of dumbbell specimen (JIS K6251 Dumb-bell test pieces No. 7). The mechanical testing instrument STA-1150 (ORIENTEC) was used for the tensile test (5) , and all the tests were performed at 100mm/min of crosshead speed. 2-3 Grinding test of 1st gels We tried to grind the particles of the 1st gels more finer. The jet mill JN20 (JOKOH) was used to grind the 1st gel into powders. The 1st gel powders were added to the pure water to prepare an aqueous solution, and the solution was poured into the reservoir of the jet mill. The setting of jet speed was varied, and the pressure of the jet was measured. The 1st gel powders were dried after grinding, and they were observed with optical microscope. The particle diameters of 1st gel powders were determined from the photographs obtained by the microscope. The 1st gel powders were added to the pre-gel aqueous solution of the 2nd network gels. The solutions were poured between the paralleled two glass plates, which sandwiched a silicone spacer of 2mm in thickness, and were gelled by the irradiation of UV lamp (the peak of wavelength is 365nm) for 8 hours to prepare a sheet of the P-DN gel. The tensile tests of these P-DN gels were performed to measure stress-strain curves. The gels were punched out in the shape of dumbbell specimen (JIS K6251 Dumb-bell test pieces No. 8). The mechanical testing instrument STA-1150 (ORIENTEC) was used for the tensile test, and all the tests were performed at 100mm/min of crosshead speed.
Results and Discussion
3-1 Free forming of gels by the SWIM-ER Gels were successfully formed by the SWIM-ER and the samples were shown in Figures 4 (a-1) and (a-2) . The dimensions of these samples were almost the same as designed. As shown in Figure 4 (b) , a free-form gel was printed by using the ON/OFF switching irradiation of UV light with the optical shutter. Some problems, however, existed so far. The one problem was that along the direction of thickness of the samples, the dimension in the XY directions of gels in the lower position in Z coordinate was larger than that of in the upper position in Z coordinate. The other problem is that gels sometimes bended (Figure 4 (c) ). It implies that the difference of UV-irradiation time maybe cause the problems, because the UV light emitted from the end of optical fiber was broadening. This probably brought about the dimensional difference between the upper and the lower positions. The broadening of UV light should be controlled in future. 
3-2 Characteristic of the P-DN gels
For comparison, the same shape of the two P-DN gels was prepared by both the SWIM-ER and the UV irradiation with the UV lamp (the wavelength is 365nm), respectively. The stress-strain (s-s) curves of the prepared samples were shown in Figure 5 . The blue line indicates the P-DN gels printed by the SWIM-ER, and the red line indicates the P-DN gels prepared by UV irradiation with the UV lamp. Both the P-DN gels showed almost the same Young's moduli. This time the tensile test was tried only once. In order to compare the difference of the UV laser (SWIM-ER) and the UV light, it is necessary for us to confirm the test repeatability in the next studies. 3-3 Grinding tests of the 1st gel particles The Particle diameters of the 1st gel powders ground by the jet mill under different conditions were shown in Table 1 . Figure 6 shows the optical micrographs of the 1st gel powders listed in Table 1 . The 1st gel powders having smaller sizes were obtained under the higher jet pressure. Figure 7 shows the stress-strain curves of the P-DN gels prepared from the 1st gel powders with the different diameters shown in the Table 1 . The sample 1 displayed the maximum strain of 1.5 and the sample 2 displayed the highest breaking stress of 0.057MPa. It implies that the tensile properties of the P-DN gels were influenced by the particle diameter of the 1st gel powders. 
Conclusion
We succeeded in printing a sheet shape of the P-DN gels by using the SWIM-ER. Their dimensions became almost the same as the designed. We also succeeded in printing free-form gels by using the ON/OFF switching irradiation of UV light with the optical shutter. The same shape of the P-DN sheets was made by both the SWIM-ER and the 8 hours UV irradiation with UV lamp for comparison, respectively. They had almost the same Young's modulus. We further investigated the influence of diameter of the 1st gel powders on the tensile properties of the P-DN gels, and found that if the 1st gel powders were 90-200μm in diameter, the mechanical properties of the P-DN gels became sufficient for printing.
